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ABSTRACT 


The report documents technical and economic information of 
energy technologies. The information has been assembled in 
seventeen IEA-countries, using common definitions for the 
calculation of each required datum. Additionally, detailed 
system descriptions have been provided that allow an analysis 
of the country specific differences in energy technology 


design and economics. 
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PREFACE 


The data and the technical information documented in this 
report were assembled for the "Energy Technology Systems 
Analysis Project" (ETSAP) of the International Energy 

Agency (IEA). The data collection which is the basis of 

this publication started in March 1981. Its intention was to 
focus on the technical properties and economics of new 

energy technologies. For this purpose, a set of questionnaire 
forms was developed, establishing common ground rules and 
definitions for the calculation of each required datum. The 
questionnaires were addressed to technical experts in indus- 
try, government agencies, research laboratories and univer- 
sities. In November 1981, a technology workshop was held where 
the received material was reviewed. Objective of this work- 
shop was to compare characterizations from different countries 
for similar technologies, wherever possible, and to search 
for explanations when differences among characterizations 
occured. At the same time, the workshop stimulated various 
activities to improve the provided material. This report 
summarizes the technoloay characterization work carried out 
from early 1981 to the end of 1982. The report is certainly 
not intended to be a compendium of energy technology systems. 
And it also doesn't claim to contain the oniy relevant infor- 
mation about energy technologies that can be obtained in the 
participating countries. It is, however, a summary oí the best 
technical information presently available to energy techno- 
logy systems analysts from 17 different IEA countries and 

the Commission of the European Communities. Detailed energy 
systems studies are carried out using the presented techno- 
logy data as basis for the analysis. Therefore it is of 
vital interest for the project participants that the informa- 
tion documented in this report is not considered final. The 
report is rather intended as a status report which invites 
for further communication with technical experts and energy 


analysts who may contribute constructive criticism and 


complementary information. 
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1. INTRODUCTION 


1.1 Technology Characterizations - Objectives and Milestones 








In order to provide an analytic basis for energy research deve- 
lopment & demonstration (RD&D) strategy, the International 
Energy Agency (IEA) initiated in 1976 an Energy Systems 
Analysis Project, in which initially fifteen IEA countries and 
the Commission of the European Communities participated. 

To carry out the assessment a flexible multi-period linear 
programming (LP) model, MARKAL (an acronym for “market 
allocation") was developed which could be readily adapted to 
describe the diverse national energy systems of the parti- 
cipating countries (Ref. 1.1). As a second essential element 
of the systems analysis work intensified efforts were started 
to assemble a data base adequately describing the existing 
energy system as well as the technical and economic parameters 


of potential components in a future energy system. 


In order to compile data on individual technologies a set of 
questionnaire forms was developed for circulation to technical 
experts in industry, government agencies, research labora- 
tories, and universities. The range of data items required to 
be entered on the forms went beyond the needs of the model in 
order to obtain as complete a picture as possible of the 


various technologies. 


The material contained in the questionnaires was reviewed in 
discussions with the assessors. As a result of this review 

process the relevant group of technologies and data elements 
which appear in this report were determined. In addition, the 
Operating Agent of the Project included detailed system des- 


criptions and added comments on each of the selected sources. 


During the compilation of the report which is a successor of 
earlier publications (Ref. 1.2 to 1.4) a number of diffi- 
culties, which are generally associated with the task of 


technology characterizations, were encountered. The most 


important of these are: 


o Unbalanced distributioi 
some areas a large num 
able whereas in other 
was provided. 

o Incomparability of the 
in definitions of the « 

o Uncertainties in estim: 


cularly in cost data ol 
ject to further develo} 


Where possible, the Operatin« 
least mitigate these difficu. 
assessors. However, it must t 
time and manpower existed am 
made it impossible to overcor 
should also be acknowledged : 
of energy technologies cover: 
assessor including the Opera 
every detail but had to rely 
provided by specialists. The 
the report is not intended t: 
technology systems and that 

prehensive or exclusive. It 

best information presently a 


participants. 


1.2 Ground Rules 





In order to facilitate direc: 
where this was appropriate, 

energy technologies were sum 
tables. With the exception o: 
residential and commercial t: 


a common format has been use: 


o Maximum Annual Energy Output o Total capital Cost 


1 of information, i.e. in 
, The total possible annual energy production (net) of the 


i i ; When additional entries to the characterization summary table 
jer of sources became avail- Total capital costs cover construction cost, owner's cost, 


technology, under the assumption that a consumer is always interest during construction and, where appropriate, also are made, they are explained in the respective chapters of this 


areas very little information 


ready to accept any output. Routine maintenance and un- discounted cost for decommissioning the technology. All cost | report. 


scheduled outages of the technology and, where appropriate, 


(Average Load) 
Total 
Capital Cost 
O&M Cost 
Variable 
04M Cost 
Economic 
Lifetime 


Overall Efficiency 
Fixed 


Design Capacity 
First Commercial 
Service Year 
Maximum Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 


' | a à 
iabassakica dus bo ditispcacas figures refer to the year of the first commercial service an ass due Hall coRMLAMOUA 





times of lacking resource (e.g. wind) are taken into account. 


All energy quantities are based on net calorific values (NCV) 


are expressed in constant 1980 US dollars (annual average). 








lata inherent to the sources. 
Costs which were available from sources in other currencies 





ates of data elements, parti- 









































F technologies which are sub- of fuel. and for a different price basis were, unless otherwise o Capacity units: — of W or J/a zá 
ment. mentioned, converted for the summary table according to the Conversion: 1 W= 3.17 10 ” J/a 
Capacity Factor following convention: first conversion to price basis 1980 
|; Agent attempted to remove or at The capacity factor of a technology is defined as ratio of | and then conversion to dollars using average 1980 currency o Energy units: — of Wh or J 
Figure 1.1: Characterization Summary Table the production (output), if operating at a realistic annual | exchange rates. (For the conversion factors see Table 1.1.) Conversion: 1 Wh = 3600 J 





lties in close cooperation with the 
| mp | | load pattern (i.e. considering the variation of the con- 
je recognized that limitations in 


sumer's demand) over the output, if operating at the nominal Fixed Operating and Maintenance Cost 


)ng many project participants which 
It Entries of the Summary Table 
o Design Capacity | | varioble components can be somewhat arbitrary and was left to 


capacity for 8760 h (365 days) per year. The manner in which O&M costs are split into fixed and 


ne these problems completely. 





that because of the wide spectrum M 1 
| ls. dl ; = aximum Annual Availability | | the assessor. 
M in the report, M every This is the net output capacity of the technology. For con pi | $14 x t à x r 
l i i , . u ime (expressed in percentages of a year) wher a j ] : 
Mae Agana enable an Uan OA version and production technologies the net capacity general p p g y ) ere, sed on i The following items are covered: labour cost, cost of 


statistical experiences, any energy production of the tech- 
nology is possible upon the request of the consumer. 


ly will be the capacity given on the manufacturer's nameplate repairs, cost of replacement of parts, cost of non- fuel 


on information and expertise 


reader shouid bear in mind that minus the internal consumption of the technology (expressed material consumption, cost of waste disposal (except for 


à; In the main the maximum annual availability during the plant nuclear fuels taxes, insurances. 
> be a compendium of energy as capacity). y 3 £ E ' 


s dan aaah ¿A a For the calculation ali energy quantities are based on net 22 H m. zz maintenance and unscheduled 
TI outages. ut it is also determined by the unavailability of Variable Operating and Maintenance Cost 
is, nevertheless, a summary of the calorific values (NCV) of fuel. ; : i . i , i 
| | the input energy source (e.g. for wind energy conversion For content see comment to item 4.6. 
yvailable *o the project ; ; : : 
First Commercial Service Year Systems, wind flows with wind speeds lower than the cut-in Note: In some cases only one of Loth entries is given. 


Earliest year at which, under normal conditions, the techno- wind speed of the system). In the summary table an arrow indicates 


logy could be expected to be commercially available and ready | ud ( ) when one data item is included in the other. 


to operate with the technical characteristics and the costs Overall Efficiency (Average Load) 


t comparisons of characterizations 
the technical and economic data of 
narized in characterization summary 
f the chapters describing selected 
schnologies and transport devices, 


1 for this purpose (see Fig. 1.1). 


given in the summary table. | Ratio of annual production to annual fuel consumption, tu Economic Lifetime 


If the system described is assumed to be a mature technology, 

this data must hence take into account the fact that prior 

experiences with commercial size demonstration plants is 

necessary. 

Note: The abbreviation "c.a." stands for "currently 
available". 


assuming the technology operates at a realistic annual load 
pattern, and also taking into account energy flows through 
the system which are too low to allow production (examples: 
start-up consumption of a thermal power plant: wind flows 
through wind energy conversion systems with velocities too 
low for production). 

The calculation of the efficiency is based on net calorific 
values (NCV) of fuel. 


Time which the plant is expected to be operating at the 
capacity factor and at the costs given in the questionnaire 
and after which the plant is expected to be scrapped. It is 
hence the lifetime used to evaluate the product cost. 

Note that the real lifetime could technically be longer than 
the economic lifetime, but this would generally imply a lower 
capacity factor and rising annual O&M costs, because of a 
higher rate of breakdowns and because of the necessity to 
replace the parts that have deteriorated. 
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U.S. Dollar . 
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TABLE 1.1 - GDP Deflators and Currency Exchange 


Rates 








* at 30th September 1980 
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2. NON-NUCLEAR POWER PLANTS 


2.1 Boiler-Fired Power Plants for Electricity Generation 





















2.1.1 Introduction 





Electrical energy is generated by three stages in a boiler- 


fired power plant: 










1. Conversion of the chemical binding energy to heat energy in 


the boiler, which is then transferred to some working fluid, 






usually water and/o» steam. 


ical energy by a turbine. 

















3. Conversion of the mechanical energy to electrical energy by 







a generator. 


Figure 2.1 shows how the boiler and turbine, together with a 
condenser and a pump, are integrated into a steam cycle. In 
the boiler, combustion heat is transferred to water in order to 
produce high-pressure, high-temperature steam. The steam then 
enters the turbine where the expansion of the steam to low- 
pressure and low-temperature steam in the turbine produces 
mechanical power. After the thermal energy of the steam has 
been converted to mechanical power, the discharged steam is 
condensed to water in a condenser. The water is then pumped 
back into the boiler, where the cycle starts again. The heat 
removed in the condenser is rejec.ed to the environment either 
by direct cooling (e.g. cooling by fresh-water from rivers, 
lakes etc.) or by indirect cooling (e.g. evaporative cooling in 
a "wet" cooling tower, convective cooling in a "dry" cooling 
tower etc.) /2.1/*. 










* It should be noted here that the choice of the cooling system 
not only has major impact on the capital cost of the plant, 
but also on the overall efficiency of the energy conversion 
process. A steam cycle process with direct fresh water 

cooling has less exergy losses in the condenser, and there- 

fore a higher overall efficiency than processes using eva- 
porative or dry cooling systems. 





Economic Lifetime 







2. Conversion of the heat energy of the working fluid to mechan- 
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Figure 2.1: Simplified Steam Cycle /2.1/ 


















In practice the steam cycle contains a number of components not 









shown in Figure 2.1. They provide an increase in the thermal 


efficiency of the process. Examples are: 











1. A "superheater", in which the saturated steam is superheated 
in the boiler. 










2. A "reheater", in which the partially expanded steam taken 
from earlier stages of the turbine is reheated, before 
returning to the turbine. In general the turbines are 


divided into three stages; a high-pressure, a medium- 














pressure, and a low-pressure stage. 
















3. An economizer, which extracts heat from the flue gas (after 


the superheater) and uses it to heat the water being fed 
to the boiler. 


















The degree of desulphurization depends on the molecular ratio 








4. Regenerative feedwater preheaters in which the boiler 
feedwater is preheated by pressurized steam tapped from the 
turbine stages. The preheaters are termed "regenerative", 
because the steam for the preheating is circulating in a 


second cycle inside the thermodynamic steam cycle. 


5. Air preheaters, which use heat extracted from the flue gas 


(after the economizer) to preheat the combustion air fed to 


the furnace. 
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Figure 2.2: Circuit Diagram of a Modern Steam Cycle Power Plant 





2.1.2 Conventional Boilers /2.1/ 





A number of variables affect conventional boiler design, the 
main one being the type of fuel to be burned. Oil and gas are 
both blown with the combustion air into the combustion chamber 


through nozzles in the fuel burners. The coal generally 










































has to be pulverized to a very fine powder before being burned. 
Additionally a number of problems have to be dealt with when 
burning coal; such as the formation of fly ash in the boiler 
and slagging which makes the removal of the combustion resi- 


duals more difficult. 


Other important conventional boiler design variables affect the 
combustion pattern and temperature control. In some cases, the 
burners are directed vertically downward, an option used prim- 
arily with solid fuels. In the others, the burners are fired 
horizontally, in opposition, or tangentially along the walls of 
the furnace. Ina frequently used technique (staged firing), 
90 to 95 per cent of the air enters the boiler as primary or 
secondary air with the fuel before combustion, and the remain- 
der enters as tertiary air through auxiliary ports in the 
furnace. Because of imperfect mixing, approximately 20 per 
cent more air (i.e. 120 per cent excess air) must be injected 
into the combustion chamber than is theoretically required for 


complete combustion. 


A significant advance in conventional coal firing is the 
"cyclone" furnace, where crushed coal enters a hcrizontal 
cylinder at one end while air is injected tangentially along 
the cylinder periphery. This results in a cyclonic combustion 


pattern, which has the following advantages: 
- reduction of fly ash content in the flue gas, 


- saving in fuel preparation, since only crushing is required 


instead of pulverizing, 






- reduction of furnace size. 


2.1.3 Air Pollutants Generated by Conventional Bcilers 





Three major factors determine the amount and character of the 
air pollutants generated by a boiler: fuel burned, boiler 


design, and boiler operating conditions. 























Sulphur oxides (SO...) are directly related to the sulphur 
content of the fuel, and there is little in the way of con- 
ventional boiler design and operation that can affect this 
residual. Thus sulphur oxides must be dealt with either before 
or after burning. In electrical power generating stations the 
most effective way of sulphur control generally is by stack gas 
cleaning. More than 50 individual processes for removing SO, 
from stack gases are known, but the most effective appear to be 
"scrubbing processes" in which the stack gas is passed over or 


through a material that reacts with SO, to form a compound. 


The resultant compound is then either a or treated so that 
some useful form of the sulphur may be recovered (see also Fig. 
2.3) /2.1/. However, the removal of sulphur oxides from the 
stack gas results in a lowering of the overall efficiency of 
the electricity generation process, as the scrubber absorbs 
steam and also electricity from the generating process. 
Although scrubber processes have been developed to a point of 
reasonable reliability and performance, their high operating 
and capital cost and a considerable waste disposal problem have 
initiated further development of so-called "regenerable" flue 
gas desulphurization systems. These regenerable systems employ 


various chemical processes to remove the SO, (either by wet or 


2 
dry absorption) and then regenerate the original sorbent, usual- 


ly giving a concentrated SO, by-product. The by-product is 


2 
then converted to elemental sulphur or sulphuric acid. How- 
ever, it must be noted that most of these systems are still 

under development and cannot be adequately evaluated, either 


technically or economically /2.2/. 


Nitrogen oxides (NO, ), on the other hand, can be significantly 
affected by boiler design and operating conditions. Variables 
for fossil-fuelled boilers in controlling NO, emissions are 
staged firing, low excess air (less than 110 per cent of the 
actual requirement for complete combustion), and flue gas 


recirculation. However, the process of NO, creation during 
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Figure 2.3: Methods of Stack Gas Cleaning in a 
Scrubbing Process /2.1/. 





combustion is not yet completely understood*. 


Another major problem with coal-fired boilers are particu- 
late emissions. As already mentioned, improved boiler design 
(cyclone furnace) can reduce the formation of fly-ash during 
combustion. In addition particulates can be removed from the 
stack gas, either mechanically in irrigated or dry cyclones or 


in electrostatic precipitators. 


2.1.4 Conventional Boiler-Fired Steam Power Plants 





- Characterization Summary 





Eight characterizations of conventional boiler-fired power 
plants were submitted by the project participants. These were 


(country name in brackets): 


(1) Hard Coal/Oil-Fired Steam Power Plant (Denmark) 
Base load plant, with a direct freshwater cooling system, 


without flue gas desulphurization. 


Hard Coal Steam Power Plant (Germany) 
Medium load power plant, with evaporative natural draft 


cooling towers, with flue gas desulphurization (scrubber). 


Hard Coal Steam Power Plant (Japan) 
Base load power plant, with a direct fresh water (sea 
water) cooling system, with flue gas desulphurization 


(scrubber). 





* Basically two mechanisms are responsible for the creation of 
nitrogen dioxides. The first mechanism is the creation of 
nitrogen oxides from the nitrogen compounds in the fuel; the 
second is the creation of so-called thermal nitrogen oxides 
from the combustion air or the combustion gases. The latter 
mechanism starts above temperatures of about 1600 °C. 


In principle it should be noted here that the shortcomings in 
understanding the process of NO, creation render more 
difficult the application of thé above mentioned methods for 
NO control. Nevertheless, in addition to the correct choice 
of*the boiler parameters there is still the possibility of 
removing NO, directly from the stack gas either by ammonia 

or potash washing. 


(4) 


(5) 


(6) 


(7) 


(8) 


Coal-Fired Steam Power Ple 
Base load power plant, wit 


cooling towers, without fl 


Coal-Fired Steam Power Ple 
Base load power plant, wit 


cooling towers, with flue 


Hard Coal Steam Power Plar 
Base load power plant, wi! 


cooling towers, with 85 $ 


Brown Coal Steam Power Pl: 
Base load power plant, wi! 
cooling towers, without f. 


system. 


LNG Steam Power Plant (Jaj 
Base load power plant, wi 


water) cooling system. 


- 30 - 


- 30 e 


Notes: ; è 
Notes (4) Overall Efficiency (Average Load) 





int, Bituminous Coal (U.S.A.) Assessore 
TABLE 2.1 - Technical and Economic Key Data of 








h evaporative naturel draft 
(1) All energy quantities are based on NCV of fuels. The 


The wide variation in efficiency is essentially caused by the 
different construction of either the cooling and/or the flue 
gas desulphurization (FGD) system of the power plants. 


Accordingly the efficiencies of hard coal power plants vary 


Conventional Boiler-Fired Power Plants 


Coal/Oil Power Plant - Christensen, C.J., Riso, Roskilde, 


ue gas desulphurization. 
following list shows the NCVs on which the calculations 





Denmark y have based: 


int, Bituminous Coal (U.S.A.) 


Hard Coal Power Plant - Walbeck, M. and Martinsen, D., KFA/STE, TABLE 2.2 - Net Calorific Values of Fuels 




















+h evaporative natural draft 
as desulphurization (scrubber). ~ "Tw ! ; 
3 P D 3 H 2 Ẹ à Postbox 1913, 5170 Jülich, FRG from 39 $ for the Danish sytem without FGD and a direct fresh- 
O + 0 d . . 
t (from IEA/EAS sources) 3 E EE di E - Country Fuel NCV water cooling to 34.0 $ for the German system with a scrubber 
^ | | >” S " 4187 8 "ET n Hard Coal Power Plant - Koyama, S., Kashihara, T., Endo, E., er ID E AAN and an evaporative natural draft cooling tower (for explanation 
-h evaporative natura raft p AD . i 
£1 : desulphurizati E 2 o * de 43 "I: 28 E Electrotechnical Laboratory, Japan Hard Coal 24.66 GJ/t see sections 2.1.1 and 2.1.3). 
ue gas desuiphurization. N) D z im = + R U.S.A. Bituminous Coal not specified 
(d E 
nig 8 | gs 82 58 AS | 82 5 a m Ä (IEA/EAS) Hard Coal 25.68 GJ/t* 
| Ó > O e Germany Brown Coal 8.4 GJ/t (5) Total Capital Cost 
int (German A 1 Japan LNG 50.11 GJ/t 
: Bituminous Coal Power Plant - Bhagat, N., NCAES, Brookhaven d / 
-h evaporative natural draft i ! 1 
| (without FGD) National Laboratory, U.S.A. Table 2.4 shows the breakdown of construction costs for a hard 
* Calculated from GCV = 26.75 GJ/t, assuming a NCV/GCV 


lue gas desulphurization (FGD) Unit 
; coal steam power plant, as given in three different sources 
conversion factor of 0.96 


(General Electric, Bechtel, KEC). 











Bituminous Coal Power Plant - Bhagat, N., NCAES, Brookhaven 













































































Dermark ‘ " 1 à 
MA! (Coal/Oil) , (with FGD) National Laboratory, U.S.A. (2) Capacity Factor 
TABLE 2.4 - Construction Costs for a Hard Coal Power Plant /2.3/ 
th a direct freshwater (sea Germany oa. a b i " 
(Hard Coal) Hard Coal Power Plant - Müller, M. (from IEA/FAS source), Except ved 7n "n ren power plant (CF = 45.7 %) all 
| Md power plants listed in the characterization summary are base- : 
Jupen KFA/STE, Postbox 1913, 5170 Jülich, FRG load power plants (CF - 60-85 $). E Estimator 
(Hard Coal) General 
USA | | Brown Coal Power Plant - Walbeck, M. and Martinsen, D., | TABLE 2.3 Uncertainty Ranges Flant Item Electric Bechtel NEC 
(Bituminous ui KFA/STE, Postbox 1913, 5170 Jülich, Coal handling 13.9 8.7 17.3 
Coal, with- FRG Country Item Median | 10 $ Probability of Being Ash handling 9.8 3.7 10.5 
Value Less Than Greater Than Boiler 142.1 157.7 102.3 
LNG Power Plant - Koyama, S., Kashihara, T., Endo, E., Denmark Overall Efficiency 39 Turbo-generator 57.3 72.0 61.9 
Electrotechnical Laboratory, Sakura-mura, (Coal Oil) | Total Capital Cost 495 Electrostatic 17.5 40.7 17.6 
Ibaraki, Japan | Fixed O&M Cost 6.5 x precipitator 
Variable O&M Cost 0.23 : | Scrubber 103.4 129.2 80.3 
Economic Lifetime 35 Cooling tower 13.5 (1) 18.0 
U.S.A. Overall Efficiency Pumps, pipes, 101.8 105.0 107.5 
(without Total Capital Cost condenser etc. 
- Electrical, 68.0 77.7 97.0 
FGD) i à; 
| instrumentation, etc. 
U.S.A. Overall Efficiency LI 
i Civil, yardwork, etc. 72.7 109.2 80.9 
(with FGD) | Total Capital Cost | 
| | TOTAL 601.1 703.9 593.4 
































(1) not given separately 
(2) all costs expressed in mid-1980 $/kW. 
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The PFB promises advantages in efficiency as it combines a gas o © 
turbine and a steam turbine cycle, giving an increase in = w 
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Figure 2.5 shows such a combined cycle system, the Westinghouse Elo a 
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pressurized fluidized bed combined cycle power plant (see also 8 A am 
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section 2.1.9). It is designed to burn coal in a dolomite bed A = x 8 E " 
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removal, are used to drive a gas turbine and the heat remaining 9 = = E c e en aD 2s E 
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Figure 2.5: Westinghouse Pressurized Fluidized Bed 
Boiler Power Plant /2.1/ 
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PFB Power Plant:- Bhagat, N., NCAES, Brookhaven National (3) Overall Efficiency (Av 


Laboratories, U.S.A. A The efficiency figures clear 





2.1.6 Fluidized Bed Power Plants - Characterization Summary TABLE 2.6 - Technical and Economic Key Data of Fluidized 
Bed Boiler Power Plants 








systems with a combined steal 
PFB Power Plant:- Müller, M. (from IEA/EAS sources), KFA/STE, | AFB systems. Within the ran 


Postbox 1913, 5170 Jülich, FRG. | 3 plants are approximately 4 $ 
; atmospheric fluidized bed po 





Five characterizations of power plants with a fluidized bed 
boiler were previded by the project participants. These are 


(country name in brackets): 
Notes: 





(4) Total Capital Cost 
(1) All energy quantities are based on NCV of fuels. E For both AFB and PFB power p 





(1) Atmospheric Fluidized Bed Power Plant (U.S.A.) 


Coal-fired base load power plant, with evaporative natural 
In the IEA/EAS characterizations the NCV of 25.68 GJ/t for | estimates de pathar Mid. Y 


draft cooling towers. 


Overall Efficiency 


Service Year 
Capacity Factor 
Maximum Annual 
Availability 
(Average Load) 
Capital Cost 
Variable 

O&M Cost 


Total 


hard coal has been calculated from the originally given GCV = E A cost estimates for a technol: 


Design Capacity 
First Cammercial 


Atmospheric Fluidized Bed Power Plant (from IEA/EAS / i 1 
| 26.75 GJ/t assuming a NCV/GCV conversion factor of 0.96. The . 3 available. Table 2.8 shows tl 





sources). = | . 
j determined from the elementar | : a 
| conversion factor has been de Y E cost, which forms the major | 


Base load wer plant, with evaporative natural draft | | à 
P P P | e analysis of an East-American-Coal (Pittsburgh seam 











cooling towers. - l 3 
| M ; W Y e | 3 
| bituminous). In the other characterizations, the NCV s e | 3 TABLE 2.8 - Breakdo of | 





Pressurized Fluidized Bed Power Plant (Sweden) | U.S.A. . - not specified explicitly. b and Pressurized FL 
| (AFB) E - 





Coal-fired base load power plant, combined cycle concept, 


direct freshwater cooling. | | A ' | (2) Table 2.7 Uncertainty Ranges SQ N Technology AFB 
| sources (AFB E ] 

































































Pressurized Fluidized Bed Power Plant (U.S.A.) Assessor Generi 
l i | Sweden > b a TT h | 
Westinghouse concept, base load power plant with (PFB) | Country Median 10 % Probability of Being A 2 Elect: 
: has | Value Less Than Greater Than| Unit 3 Coal and limestone/ 
oe di MÀ U.S.A M A 1 77 20 85 a dolomite handling 38.. 
| ERA ° ° ° i U.S.A. aximum Annua ts a : 
Pressurized Fluidized Bed Power Plant (from IEA/EAS | (PFB) : ME P E ana feeaing 
(AFB) Availability ; A ned T 

sources Be Spen ed coolın 
l , a X. —— i Overall Efficiency 36.5 5 € handling " 13. 
Base load power plant, with evaporative cooling towers, | sources (PFB) l (e 

Ae a Total Capital Cost 900 | l 
Westinghouse combined cycle concept. | Boilers (AFB, PFB) 96. 
| Sweden Total Capital Cost 850 
( PFB) IL m a 
enerator ` 
U.S.A. Maximum Annual 75 
Assessors (PFB) Availability Gas cleanup 33.' 
Overall Efficiency 40.6 . 4 Cooling tower 9. 
- Total Capital Cost a 

AFB Power Plant:- Bhagat, N., NCAES, Brookhaven National Pipes, pumps, etc. 67. 

















Laboratory, U.S.A. 
Electrical, instr. 


and control 75. 


m vto 4 «M Civil, st i 

AFB Power Plant:- M. Müller (from IEA/EAS sources), KFA/STE, ^ E a o a me 70.! 

Postbox 1913, 5170 Jülich, FRG. | | 3 TOTAL 459. ` 
> (without architect/ 


Pe ^ — | | a engineer's fee 
PFB Power Plant:- Leman, G., Energy R & D Commission, Sweden E and contingency) 


All costs in mid-1980 $/kW, 
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- 34 « 
erage Load): | (5) Operating and Maintenance Cost ; 
ly reflect the advantage, that PFB second cycle is added to the high-temperature end of the of the process consists in removing the sulphur oxides from Hard Coal CC Power Plant:- Bhagat, N., NCAES, Brookhaven 
n and gas turbine cycle have over | Table 2.9 al the total O & M cost for the fluidized primary cycle. This design is referred to as "topping" binary the low BTU gas before it enters the combustion turbine. National Laboratory, U.S.A. 
able 2. ives . i : i 
je, pressurized fluidized bed power uud h : ted in this report. The technologies have cycle system. A second cycle added to the low-temperature end The residues of this gas cleaning then are reprocessed to 
ed systems presen . i i i TT j i 
more efficient than equivalent | b E at rate with the capacity (load) factor of the primary cycle is termed a "bottoming" or "tailing" elementary sulphur in a Claus-process. Gas CC Power Plant:- Bhagat, N., NCAES, Brookhaven National 
een assume o ope > T 
wer plants. | | cycle. | Base load power plant, with evaporative natural draft Laboratory, U.S.A. 
given in the characterization. cli LES 
Ai At present onlv combined gas turbine/steam turbine t - Notes: 
TABLE 2.9 - Total O & M Cost of Fluidized Bed Power Plants P : | 3 / — | | es 
lants the range of capital cost the so-called "combined cycle power plants" - play an important (3) Gas Combined Cycle Power Plant (U.S.A.) 
nis reflects the uncertainty in hiak — Sakai d á M odi role in the electricity generation. In these systems, the hot Gasified medium load power plant. Further details not (1) All energy quantities are based on the fuel NCV. 
ystem u i i i TE ; i s ; 
ogy which is not commercially exhaust from the gas turbine is used to generate steam in an specified. | Orginally the calculations in the American characterizations 
ne breakdown of the construction "VN 50 $/GJ unfired boiler. The steam then drives a conventional steam à; were based on GCV. For the characterization summary table 
part of the total capital cost. | IEA/EAS s/GJ turbine. a TABLE 2.10 - Technical and Economic Key Data of the original American efficiency estimates have been 
Combined Cycle Power Plants | recalculated assuming the following NCV/GCV conversion 
Sweden .76 $/GJ ae | 
"construction Cost of Atmospheric mm 85 $/GJ Topping cycles using liquid metals are also being investigated. factors: 
lidized Bed Power Plants iPA/EAS 49 $S/GJ The principle advantage of using liquid metals (mercury, potas- 
sium) as working substance in power plants is their high boil- q a ! z Hard Coal: NCV/GCV = 0.96 
à; TT > y . 
PFB ing or vapourizing temperatures combined with relatively low = D 8 T " Og m © Gas: NCV/GCV = 0.9 
O H O 3 . 
: i i vapour pressures. The effici iquid- i © + E u = 
a — Westinghouse It is noticeable that the American characterizations have en hs prp : npe A —— A — ; i pd FE A 8 Pr Bal ^ 
E i + cycle itse 1s not ver igh. B | ! T .11: i 
considerably higher O & M cost for the atmospheric fluidi- = T Pn N " " ee A E 59 z E 48 RE: yS 28 - | " DNE 2:44 A 
i "v e liquid metal as a boiler for water which circul j } a: 
A 65.3 56.0 zed bed system than for the pressurized fluidized bed con: 4 — — Y 7 y A, R E = 5, 3 t E Med j 10 $ Probabilit f Bei 
ks d i binary cycle, however, higher efficiencies of the overall pro- - k 3 32 38 S A 33 S Country Item edian robability of Being 
cept. This is opposite to the IEA/EAS assessment. Waive tesa Qe entes Chan 
cess can be achieved. | y 
) 12.1 19.6 | — MN. u ` " B/KN, B/KN, Y | U.S.A. Maximum Annual 75 70 85 
' ` | ING Combined | SE 
j y 5 i a l b 1 t 
i is d -— 2.2 Binary Cycle Pover Plante | 2.2.2 Combined Cycle Power Plants - Characterization Summary Cycle Power 1000 80 54.3| 632.3 | 39.7 | (Coal C.C) Availability 
° f - | | Plant | Overall Efficiency | 39.6 37.5 41.7 
| Three characterizations of combined cycle power plants were pro- Coal Combined 800 75 39.6| 1050 | 40.1| 1 : Total Capital Cost| 1050 300 1300 
7 45.3 42.7 | 2.2.1 Introduction | l E Cycle Power NY 0 11 Rffici 46.7 43.3 50 
| vided by the project participants. These were (country name in | Plant A ‚Sehe vera iciency . . 
9 113.3 62.5 . n oe ‘bed | brackets): (Gas C.C) Total Capital Cost 470 425 525 
| e wer ants descri | 
i The primary disadvantage Oo steam Cyc po p | | Gas Combined 500 edt diam Des Md a lia 
ites 22.3 | previously is their low thermal efficiency. A way of improving Cycle Power Plant 
| i i (1) LNG Combined Cycle Power Plant (Japan) Variable O&M Cost 0.8 0.5 1.0 
3 87.9 82.0 this is to combine two or more heat engine cycles covering uni d "" 
i à; ire ase load , wi i 
different parts of the temperature range. Such a combination ” ad power plant, with a direct 
à 1 | freshwater cooling system. 
E 65.3 50.3 of two cycles is commonly referred to as binary cycle. | d Assessors: (3)0 11 Effici Load) 
Generally there are two basic possibilities for designing a n ha iciency (Average Load): 
à; Hard Coal Combined Cycle Power Plant (U.S.A.) 
5 58.2 66.4 ; binary cycle system, the first one being a system where the deg - . 
, — me | | The hard coal is gasified to a low quality gas, which is LNG CC Power Plant:- Koyama, S., Kashihara, T., Endo, E., The combined cycle systems summarized in table 2.7 are not 
' i iN | then burned in the combustion turbine. The sulphur control ELoctrotochaical Laboratory, Sanura-Mura, directly comparable as the feedstock of the coal combined 
Ibaraki, Japan | cycled power plant is a solid fuel which has to be gasifie 






























A comparison of the total O £ M cost shows the additional 























operating costs of the coal combined cycle power plant MHD generators work on similar principles to conventional elec- 


before being burned in a gas turbine. This decreases the 
process overall efficiency compared with a combined cycle 









for gasification and the subsequent sulphur removal from the tricity generators, in which a coil spins inside a set of 


raw gas. However, the difference between the O £ M cost of magnets. In an MHD generator the stationary conductor is 


system fuelled by a gaseous or liquid fuel. Nevertheless, 




















































































































the overall efficiency of U.S. hard coal combined cycle the coal power plant and those of the two gas systems is replaced by a moving, electrically conductive fluid. This E M €— 
power plant is still higher than the efficiency of equi- even larger than the values indicated in table 2.1. The conductive fluid flows through a duct which is immersed in a Ed 
valent conventional power plants. The rather uncomplicated O & M cost figure of the Japanese LNG system includes magnetic field produced by a superconducting magnet. The fluid ei Preneated air - KE 
sulphur control and the general capability of combined miscellaneous costs for administration, buildings etc. movement through the duct induces a voltage drop across the 
cycle systems to follow faster load changes than conventio- (overheads) and annual taxes. This is a procedure which has fluid stream. The electrodes of the MHD generator are normally AS ps 
i i i i | . ] i Heat recovery 
| nal boiler-fired power plants gives the impetus to promote not been followed in the American characterizations two opposite walls of the duct. Electrical leads are attached 2 A Min dd bal tr iil e sin 
| the development of CC power plants for coal basis - even if Furthermore, the O & M cost of the American gas C.C. power to the walls to supply the electrical load. Note that MHD 
































plant have been calculated with a capacity factor of just Systems generates DC power which has to be converted to AC 
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inverter Generator 
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their advantages in efficiency are small. 








generator cleaning 
—Ón — Stack 
DC 


35 $ (medium load operation), while the other power plants power if the generator feeds into an AC grid. 















operate as base loaded electricity generators. If the gas 





(4) Total Capital Cost: 
























power plant also operated as base load power plant (CF = 

60 %), the total O & M cost be 1.64 $/GJ. This shows that a 
direct comparison of the absolute figures in table 2.12 
should be treated carefully. 


Three basic types of MHD systems can be distinguished: 
































The higher capital costs of the hard coal combined cycle 













l. Open-Cycle Plasma System 








power plant compared to the gas systems are caused by the 


additional installation of a coal gasification stage and Fossil fuel is burned at a sufficiently high 







a Claus-unit for reprocessing sulphur oxide residues from temperature (2200 to 2750 °C) to ionize the product 






the gas cleaning process. gases. The electrical conductivity of the ionized 






2.3 Magnetohydrodynamic (MHD) Power Plants gases is increased by "seeding" them with readily 




























































































































| unit (5) Operating and Maintenance Cost: | ionized material, generally salts of potassium or | | 
: 2.3.1 Introduction cesium. The hot gases then pass through the MHD Figure 2.6: MHD Power Plant - Open-Cycle Plasma System /2.4/ 
The total operating and maintenance cost have been calcu- generator and subsequently heat a conventional steam 
| à; à; : : 2. Closed-Cycle Plasma System 

i lated aseuning that the technologies operate at the An MHD generator produces Mem energy — -— cycle. The seed material is extracted — ann + 1a n r n 
S /kW capacity factor (load factor) given in the characterization thermal energy and has the potential for conversion efficien- the flue gas and recycled to the ionization stage. e closed-cycle plasma system uses a seeded noble gas 

a " summary table: cies of 50 to 60 $. The higher conversion efficiency results (helium or argon) which is indirectly heated (e.g. in a 
S /kW primarily from the high temperature at which MHD generators fossil fuel boiler). The hot gas passes through the MHD 
S/kW- TABLE 2.12: Total O & M Cost operate and from bypassing a heat energy to mechanical energy generator, is then cooled down and subsequently compressed 

9 >. í fo i 2 = i 
e conversion step. r reheating A closed-cycle plasma system requires a heat 

$/GJ source operating over the range of 1250 to 1900 °C. 

















Technology Total O & M Cost 








3. Liquid Metal MHD System 








































LNG C.C. Power Plant 2.04 $/GJ The liquid metal MHD system consists of two fluid circuits, 
Coal C.C. Power Plant 3.33 $/GJ a liquid metal and an inert gas circuit. The liquid metal 
Gas C.C. Power Plant 2.23 $/GJ is indirectly heated (e.g. nuclear or fossil boiler), and 








the inert gas is then dispersed into the liquid metal. As 
the gas expands, due to being heated by the liquid metal, 





rated in a variable ratio (see Figure 2.7), which makes 





























celerate through the MHD generator, the 


the two fluids ac 
Assessors 


liquid metal provid 





ing the moving conductor capability- 
the two fluids are 
the gas is 


with the liquid 











MHD generator, 


At the exit of the 
id metal is reheated and 


separated. The liqu 


cooled and recompres 


metal /2.1/. 
















sed before being remixed 

















2.3.2 MHD Power Plants - Characterization Summary 
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Notes: 


























HD power plants have been provided 


TwO characterizations of M 
These are (country name in 


by the project participants. 


brackets): 


Japan:- Koyama, S., Kashihara, T., Endo, E., 


Flectrotechnical Laboratory, Sakura-Mura, Ibaraki 


U.S. T b 
A Bhagat, N., NCAES, Brookhaven National Laboratory 


(1) All energy quantities are based on NCV of fuels 


(2) Overall Efficiency (Average Load) 


























Power Plant (Japan) 


plant with a direct fresh 
em with a steam 


(1) Hard Coal MHD 
Base load power 


cooling system. 


water (sea water) 











Open-cycle plasma syst 


bottoming cycle. 
towers (U.S.A.)). 


er Plant (U.S.A. ) 


The difference in the efficiency reflects the impact of 
different cooling system design (freshwater cooling 


(Japan); evaporative cooling in natural draft cooling 


(3) TABLE 2.14 - Uncertainty Ranges 











(2) Hard Coal MHD Pow 
a system wi 
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system is equipped 
E. Country Item 
TABLE 2.13 - Technical and Economic Key Data of MHD Power Plants = " Value Less Than Great 
EU. S.A. Maximum Annual 70 60 cee 
Availability 80 $ 
| Overall Effici 
| | fficiency 49 45.8 52 
Total Capital Cost i 














(4) Operating and Maintenance Cost 














(Average Load) 
Economic Lifetime 


Total 
apital Cost 
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Assuming the MHD power plant operates at the capacity 
factor given in the summary table, the total OSM costs 
of the Japanese system is 4.36 $/GJ, while the O&M costs 
of the American system are about half that value (2.22 
$/GJ). One reason for this discrepancy is that in e 
— characterization, overheads (expenditures for 
administrative labour, buildings, etc.) and annual taxes 


are included in the O&M cost. 


(2) Diesel Coupled Production Plant (Belgium) 






2.4 Fuel Cell Power Plants 





2.4.1 Introduction 





In a fuel cell, electrical energy is produced directly from a 
controlled electrochemical oxidation of fuel. Since fuel cells 
do not require an intermediate heat cycle, they are not limited 
by the Carnot cycle efficiency and therefore have a theoretical 
efficiency approaching 100 per cent. The basic components of a 
simple hydrogen-oxygen fuel cell are the electrodes (anode and 
cathode) and an electrolyte which may be either acidic or 
basic. The reactants in the cell are normally consumed only 
when the external circuit is completed, allowing electrons to 
flow and the electrochemical reaction to occur. The result is 


good fuel efficiency even with low or intermittent loads. 


When the external circuit is completed, an oxidation reaction 
yielding electrons takes place at the anode and a reduction 
reaction requiring electrons occurs at the cathode. The elec- 
trodes provide electrotechnical reaction sites and also act as 
conductors for electron flow to the external circuit. Power is 
produced as long as fuel and oxidant are supplied to the fuel 
cell and the external electrical circuit is closed, allowing 
current to flow. Continuous operation necessitates the removal 
of heat (see also section 2.5), water and any inert material 
that enter the cell with the reactants. Reaction kinetics 
usually are enhanced by the incorporation of a catalyst such as 
platinum on high surface area electrode surfaces. The power 


produced from fuel cells is direct current (DC) and thus must 


be converted to alternating current (AC) for use in a conventio- 


nal electric power system /2.1/. 


There are three main classifications of fuel cells, depending 


on the type of fuel used: 


1. Hydrogen-Oxygen Fuel Cell 
The operation of such a fuel cell has been described above. 


2. Hydrocarbor-Oxygen Fuel Cell 
This type of fuel cell uses gaseous hydrocarbons directly in 


a phosphoric acid electrolyte fuel cell. 


Reformer Fuel Cell 

Coal or other hydrocarbons are reformed (reacted with steam) 
to produce a fuel that primarily consists of hydrogen and 
carbon monoxide. This fuel then is used in a phosphoric 
acid electrolyte fuel cell or in a more advanced molten car- 
bonate electrolyte fuel cell (at a higher temperature of 


appr. 1200 °C). 


2.4.2 Fuel Cell Power Plants - Characterization Summary 





Three characterizations have been submitted by project par- 


ticipants. These are (country name in brackets): 


(1) Phosphoric Acid Electrolyte Fuel Cell (U.S.A.) 
Distillate or other liquid or gaseous hydrocarbons are 
reformed to a hydrogen rich gas, which is used in a phos- 
phoric acid electrolyte fuel cell. The process as des- 


cribed includes the transformation of DC power to AC power. 


Molten Carbonate Acid Electrolyte Fuel Cell (U.S.A.) 
Fuelled as the system described above. The hydrogen rich 
gas then, however, is used in a high-temperature molten 
carbonate electrolyte fuel cell. The transformation of DC 


power to AC power is included in the overall process. 


LNG Fuel Cell Coupled Preduction Plant (Japan) 

LNG is used in a phosphoric acid fuel cell, which produces 
both electricity and heat for district heating purposes. 
The system will be discussed in detail in section 2.5 and 


therefore is not contained in the characterization summary. 


TALLE 2.15 - Technical and Economic Key Data of 


Fuel Cell Power Plants 








Total 


Overall Efficiency 
(Average Load) 


Econamic Lifetime 


Design Capacity 
First Cammercial 
Service Year 
Capacity Factor 
Maximum Annual 
Availability 


Variable 
O&M Cost 





(2) TABLE 2.16 - Uncertainty Ra 





Technology Item 





Phosphoric Acid |Overall Effi- 
Electrolyte Fuel|ciency 
Cell Power Plant|Total Capital 


Cost 








E 


Unit 


E Capital Cost 





Phosphoric 
Acid Electro- 1987 | O.278 
lyte Fuel Cell 
Power Plant 





Molten Carbon- 
ate Electro- 10 1992 | 0.284 
lyte Fuel Cell 
Power Plant 






































* The cell stack must be replaced every 4 1/2 years. It is not 
clear whether this has been considered in the estimates of 
the O&M cests. 


Assessor 





Bhagat, N., NCAES, Brookhaven National Laboratory, U.S.A. 


Notes: 





(1) According to the the conventions of this report, all energy 
quantifics are based on NCV of fuels. For the fuel cell 
inputs, a NCV to GCV conversion factor of 0.9 has been 


assumed. 





Molten Carbonate|Overall Effi- 


Electrolyte Fuel|ciency 
Cell Power Plant|Total Capital 


Cost 








(3) Overall Efficiency (Average 





The difference between the c 
cell systems shows the advar 
cell (molten carbonate elect 


phosphoric acid electrolyte 




















nges 
Median |10 % Probability of Being 
Value Less Than Greater Than! Unit 
43 41 45.5. $ 
700 550 1200 S/kW, 
49 45.5 52 + 
600 475 825 S/kV 
| 
Load) 





fficiencies of the two fuel 
itage of a high-temperature fuel 
.rolyte) over a "conventional" 
fuel cell. 
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2.5 District Heating 





2.5.1 Introduction 





When a fuel is burned, energy is available in the form of heat 
at a high-temperature level. This energy form can then be 
converted to other forms such as mechanical energy, electrical 
energy, etc. These conversion processes (heat engines) are 
limited by the fact that the heat can be used provided its 
temperature remains above ambient levels. For this reason 
conventional steam cycles for electricity generation only reach 
efficiencies of about 35 to 40 $. Approximately 60 % of the 
energy produced is rejected to the environment in the form of 
low-temperature heat as warm water from the cooling system and 


hot flue gases. 


On the other hand, there is a considerable demand for low- 
temperature heat, especially for space and warm water heating 
in the residential and commercial sector. Therefore, the 
direct use of the large quantities of reject heat at low 
temperature levels from heat engines iS a promising option. 
This not only improves the thermal efficiency of the individual 
process; it is also an important key for the substitution of 
primary fuels (especially the replacement of oil), which 
traditionally have a large share in the production of low- 


temperature useful energy. 


A prerequisite to the direct use of low-temperature heat is the 
development of a suitable heat transportation and distribution 
System. A key parameter for such a system is the maximum 
initial feed temperature. This has to be chosen in such a way 
that the overall system operates economically. As the tempe- 
ratures for space heating and warm water are at the temperature 
level of the reject heat from heat engines, a high conversion 
efficiency could be achieved if heat is transported and distri- 
buted on the low-temperature level. On the other hand, the 


pipelines for the low-temperature heat transport highly capital 


intensive.Investigations of the overall economics of large 
district heating systems show that the best economic efficiency 
of the system can be achieved with maximum initial feed tempera- 
tures of about 180 °C. Higher temperatures are not recommended 
as the corresponding evaporation pressures also increase. This 


renders the pressure control in the grid more difficult. 


2.5.2 Back-Pressure Turbine Coupled Production Process 








The overall efficiency of a heat engine can be improved by 
using a large part of the rejected heat for heating purposes at 
a low-temperature level. Technically this can be done in two 
different ways, one being the "back-pressure" turbine and the 
other being the "pass-out" turbine (refer to 2.5.2 for the 
latter). In a back-pressure turbine coupled production system, 
the expansion of the superheated steam is stopped at a low 
pressure level and the steam is used for other purposes such as 
district heating. Thus in a back-pressure system the fairly 
large low pressure stage of the turbine and the condensation 
unit (including the cooling system) is no longer needed. This 
makes back-pressure coupled production units smaller and 
cheaper than pure electricity generation units. The back-pres- 
sure steam taken from the turbine passes through a heat exchan- 
ger, where it delivers its heat (including its evaporation 
heat) to a heating fluid (e.g. water), which is circulating in 
a district heating system. The steam cycle condensate is then 


pumped back to the boiler where it is reheated. 


It should be noted that taking steam from the plant at a 
higher-than-normal pressure and temperature level, the Carnot- 
cycle efficiency of the steam cycle is decreased and part of 
the possible electricity generation is sacrificed for heat 


production. 


In back-pressure systems, heat and electricity are generated in 
a fixed ratio. In most cases the electricity is considered as 


the byproduct of the process heat production. 


It should be clearly noted that it is economically not reason- 
able for a back-pressure turbine coupled production plant only 
to produce one output, e.g. process heat, without also generat- 
ing the second output. Nevertheless, in most of the back-pres- 
sure systems a reduction unit is assigned as by-pass for the 
turbine. In case of need the superheated steam can thus be 


discharged without passing through the turbine. This produces 


pure heat generation, and the system has to be supplied with 


electrical power from the grid. Pure electricity generation, 
on the other hand, is generally not possible with back-pressure 
turbine coupled production systems, as they are normally not 
equipped with a back-up cooling system in which the discharged 
steam could be condensed in case of too low a heat transfer in 


the heat exchanger. 


2.5.3 Back-Pressure Turbine (BPT) Coupled Production Plant 





- Characterization Summary 





Three characterizations of back-pressure coupled production 


systems have been provided. These are (country name in 


brackets): 


(1) Hard Coal Back-Pressure Turbine Coupled Production Plant 


(Belgium) 
District heating plant, equipped with a fluidized bed 


boiler. 


Coal/Oil-Fired Back-Pressure Turbine Coupled Production 


Plant (Denmark) 











engine B&W 16U28LS 


(3) Hard Coal Back-Pressure Turbine Coupled Production Plant 
(Germany) 
District heating plant, 100 $ stack gas desulphurization. 
(4) Wood Waste Fired Cogeneration of Electricity and Heat 


(Austria) 


TABLE 2.17 - Technical and Economic Key Data for BPT 
Coupled Production Plants 






























































Belgium:- Altdorfer, F., Services Programmation de la Politique 


Scientifique, Rue de la Science 8, B-1040 Brussels 


Denmark:- Christensen, C.J., Riso, Roskilde 


Germany:- Walbeck, M., Martinsen, D., KFA-STE Jülich, 
Postbox 1913, D-5170 Jülich 


Austria:- Pönitz, E., Energieverwertungsagentur, 1010 Wien, 


Opernring l 
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Denmark 174 1983 5487 
37 1020 | 
| + . 72 3 .1 0.36 i 
Germany 76 C.a 2040 60.5 85 73 3 0 
Austria 75.8 5.8. 175 94 534 6.8 i 
Assessors 


Notes: 





(1) The indices of the units in the summary table have the 


following meaning: 


el electricity 


h heat 
tot total 


= electricity + heat 


All energy qualities are based one NCV of fuels. The 


following list shows the NCVs used in the characteriza- 


tions. 


NCV of Coal 





Belgium 
Denmark 
Germany 


Austria 





(3) TABLE 2.18 


Country 


- not specified 
23.7 GJ/t 
29.3 GJ/t 


- not specified 


Uncertainty Ranges 





Medium 
| Value 


10 % Probability of Being 








(4) Costs Data 





In the summary table all cost figures have been related to 
the direct sum of heat and electricity capacities or out- 
puts. That is, both outputs are considered to be “equally 
valuable". The simple additive approach has been chosen 
to allow a quick recalculation of the cost figures, if one 
of the very divergent and controversial "rating methods" 
is preferred. Table 2.12 shows the result of such a recal- 
culation assuming that in a coupled production plant elec- 
tricity is energetically twice as valuable as process 
heat. This strategy is based on the fact that roughly 
only one third of the thermal energy in a power plant is 
converted into electricity whereas two thirds are 


available as heat. 


TABLE 2.19 - Recalculated Cost Figures of BPT 





Coupled Production Plants 





Total Fixed Variable 


Country Capital Cost O&M Cost O&M Cost 








Less Than 


Greater Than 


Unit S/kw* $ /kW* $ /GJ* 














Denmark 


ability 


vice Year 


| 


First Comercial Ser- | 1983 


Maximum Annual Avail- 80 


Capacity Factor 58 
Overall Efficiency 89 


1983 


74 


54 
87 


1985 


83 


60 
91 





Austria 


ability 





Maximum Annual Avail- 94 


Overall Efficiency 88 


Economic Lifetime 18 








80 


79 
15 





96 


91 
20 


700 kW losses 








Belgium 175 2.74 0.105 
Denmark 273 0.1275 
Germany 280 


Austria 398 











Index: * = heat + 2 * electricity 


(5) Fixed Operating £ Maintenance Cost 





The high fixed O&M cost of the German system are caused 
by the expenses for operating labour amounting to 


21.3 $/ kw, ot’ 
The high labour costs are under investigation. 


approximately 70 $ in the fixed O&M costs. 


2.5.4 Pass-Out Turbine Coupled Production Plants 





The main disadvantage of back-pressure coupled production units 
is the lack of flexibility, especially in following divergent 
demands for electricity and heat, because its heat and elec- 
tricity can only be generated in a fixed ratio. This limits 
the application of the BPT technology to process heat produc- 
tion with by-product electricity. Consequently the BPT option 


is not of much interest to electricity utilities. 


A minor change in steam cycle design, however, makes the enorm- 
ous quantities of rejected heat in large steam cycle electrici- 
ty generation units available without sacrificing control and 


load following capabilities of the plant. 


As already mentioned in section 2.1, steam can be passed out of 
the turbine at several places. In a conventional power plant 
this steam is used for purposes such as regenerative feed water 
preheating or driving the boiler feed water pump. But it could 
also be passed through a heat exchanger to deliver its energy 
to a heating fluid circulating in a district heating system. 
Systems in which this process is applied are called pass-out 
turbine (POT) coupled production systems. The basic advantage 


of the POT concept is that electricity and heat can be gene- 
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8 - 16 °C) are compared in table 2.28 (Section 2.5.9) with the 


hara arj j C he two conventional heating plants. Table 


rated in a variable ratio (see Figure 2.7), which makes 


possible load following at varying electricity and heat 


demands. 


electricity 











Figure 2.7: Output Characteristic of a POT Coupled 
Production Plant 





It should also be noted that in POT systems the production of 
process heat means sacrificing a part of the electricity out- 
put. However, the turbine design sets a practical limit on the 
maximum electricity which can be sacrificed to produce heat, as 
in operation there must be enough steam passing through the low 
pressure stage of the turbine to provide necessary rotor 
cooling (line "b" in Figure 2.7). Another practical limit is 
given by the size of the heat exchanger which is designed only 
for a certain quantity of steam (line "c" in Figure 2.7). 
Together with the maximum feasible quantity of superheated 
steam passing through the high pressure stage of the turbine 
(line"'a" in Figure 2.7) these limits bound the work area 


(shaded) of a pass-out turbine coupled production unit. 





2.5.5 Heat from the Exhaust of Internal Combustion Engines 





or Gas Turbines 





Internal combustion engine or gas turbine processes in which 
the thermal energy in the combustion gases is converted into 
mechanical or electrical energy, offer nearly the same heat 
availability as steam cycle systems. Only about one third of 
the energy is converted in these engines, while a large part of 
the remaining energy leaves the engine or turbine as exhaust 
heat at a fairly high temperature level. This heat can be used 


for such purposes as: 


- combustion air preheating, 
- heating of the feed water in a combined cycle 
process, 


- district heating, 


thus increasing the overall efficiency of the engines. 


The main advantage of internal combustion engine or gas turbine 
coupled systems is their compact design which makes possible 
their economical use in decentralized district heating systems, 
large buildings (like hospitals) or other units with a lower 
heat demand. At the same time electricity is generated as a 
by-product of the heat production decreasing dependence on the 


electricity utilities. 


2.5.6 Combustion Engine and Turbine Coupled Production Systems 





- Characterization Summary 





Three characterisations of combustion engine/turbine coupled 
production systems have been provided. These are (country name 


in brackets): 


(1) Gas Turbine Coupled Production Plant (Belgium) 
Gas or light distillate oil-fired district heating plant 


with electricity cogeneration. 


















(2) Diesel Coupled Production Plant (Belgium) 


Diesel engine coupled production plant for district 


heating. 


(3) Total Energy System (Germany) 
Small gas combustion engine system for the cogeneration of 
electricity, district heat (90 °C) and warm water (30 er, 
consisting of 8 separate units with a capacity of 155 kW] 


each. Designed for the application in a decentralized 
























district heating system or large office buildings, 


hospitals etc. 


TABLE 2.20 - Technical and Economic Key Data of Engine/Turbine 





Coupled Production Plants 


























J E 
> |® = | PN 5 
- — — 
z 8,138 |? |32|55| = : 
c T Lad Lu S Ge od 8 
© ES 2 <p e ab ^ 
E & lol la |Z  &3|s?|83 |38 | 835 |} 
: = (2155 [2 |xslsi|' 8 |¿ cz |5 
Unit E . Le Y 1 y | 5/kMio + | 8/KMyo 4 | 3/Gdp7 | Yrs 
h h 
Gas Turbine | 25.3 
Lm ua. c.a n 45 7 |107 2.69 | 0.134 | 25 
- Belgium | 
Diesel Engine 28 | 
een ie] 45 78 | 332 7.2 0.57 25 | 
| 
- Belgium 
cae uus 0.72 |... 19-3 | $1 | 85 | 81 | 262.5 |15.4 + 11.5 
^ Y 



































Assessors 


Belgium:- Altdorfer, F., Services Programmation de la Politique 


Scientifique, Rue de la Science 8, B-1040 Brussels 


Germany:- Miiller, M., KFA-STE Jiilich, Postbox 1913, 
D-5170 Júlich 





indices of the units in the summary table have the 


owing meaning: 
electricity 
heat 
total = electricity + heat 


energy quantities are based on NCV of fuels. 


Design Capacity 





Besides the production of electricity and district heat, 
warm water at a temperature of 30 *C is also produced by 
the German total energy system. The warm water production 


capacity amounts to 214 kW. 


This allows a maximum warm water supply of 5.73 TJ per 
annum. If the production of warm water is taken into 
account in the efficiency calculation, the overall 


efficiency of the total energy system increases to 91 3. 


Cost Data 





All cost figures are related to the direct sum of electri- 
city and heat capacity or output. Table 2.21 shows the cost 
figures assuming the value of the electricity is rated 
twice the value of the heat. For explanations see section 


2.5.3, note (4). 


Uncertainty ranges for the data entries were not specified. 


TABLE 2.21 Recalculated Cost Data of Engine/Turbine 





Coupled Production Plants 





Total Fixed Variable 
Capital Cost O&M Cost O&M Cost 





Unit $ /kW* $/kW* $/GJ* 





Gas Turbine 90.1 Ha 0.113 


Diesel Engine 221.3 4.8 0.38 
Total Energy System 118.4 11.1 











Index: * = heat + 2 * electricity 


(6) Operating and Maintenance Costs 





Assuming the coupled production plants are operating at the 

capacity factor given in the characterization summary, the 

total O&M costs, expressed as variable O&M costs, result in 

- 0.273 S/GJ for the gas turbine coupled production plant 

- 0.718 $/GJ for the diesel engine driven coupled 
production system 

- 0.690 $/GJ for the gas engine driven total energy 


system 


The O&M cost for combustion engine coupled production 
plants is higher than for the turbine systems. This is the 
result of the necessary maintenance servicing of combustion 
engines. However, it can be expected that improvements in 
engine technology will increase the maintenance servicing 


and help to reduce costs. 


(7) Economic Lifetime 





The economic lifetime of the German-total energy system 
represents the financial average of a 50 year lifetime for 
the building and a 10 year lifetime for the technical 


devices. 


2.5.7 Other Coupled Production Systems 





Besides the described options of heat recovery from steam cycle 
and engine/turbine processes for district heating purposes, 
there exists many more possibilities for the cogeneration of 
electricity and heat. All non-boiler-fired power plants, like 
fuel cell or MHD power plants, are basically suiteá for coupled 
production. The Japanese delegation from the Electrotechnical 
Laboratory, Sakura-Mura, Ibaraki, investigated and assessed an 


LNG fuel cell coupled production plant. 


In the electroiytical process of a fuel cell a considerable 
quantity of low temperature heat is produced. Instead of 
rejecting this heat to the environment, it can just as well be 
used for heating purposes. Electricity and heat are then pro- 
duced in a fixed ratio, just like in a back-pressure turbine 
process. Table 2.13 shows the economic and technical key data 
given in the Japanese characterization of the LNG phosphoric 
acid electrolyte fuel cell system, which is scheduled to 


operate as a decentralized coupled production unit. 


TABLE 2.22 - Technical and Economic Key Data of an LNG Acid 





Phosphoric Fuel Cell Coupled Production Plant 





Design Capacity 
First Commercial 
Service Year 
Maximum Annual 
Energy Output 
Capacity Factor 
Maximum Annual 
Availability 
Overall Efficiency 
(Average Load) 
Total 
Capital Cost 
Economic Lifetime 


Variable 


04M Cost 


Assessors 





Koyama, S., Kashihara, T. 


Laboratory, Sakura-Mura, 


Notes: 











$/ kW $/ kW 3/GJ 





tot tot 

















68.5 



































(1) 


(2) 
(3) 


(4) 


(5) 


The unit indices in t 


meaning: 
el = electricity 
h = heat 


tot - total = electri 
All energy quantities 


Cost Data 





All cost data are rel 
and heat capacity res 
the costs assuming tl 
as valuable as low-te 
other assumptions car 


explanation see sect 


TABLE 2.23 - Re 











LNG Fi 

Total 
Capital Cost E. 
387.1 S/kW* , 





Index: * = heat + 2? 


Operating and Mainter 





The O&M costs include 
cell components (life 


lifetime of 20 years 


Uncertainty ranges f« 
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, Endo, E., Electrotechnical 


Ibaraki, Japan 


he summary table have the following 


city + heat 


| are based on NCV of fuels. 


ated to the direct sum of electricity 
spectively output. Table 2.23 shows 
iat electricity is energetically twice 
mperature heat.  Recalculations under 
1 be performed in the same way. For 
on 2.5.3. 


¿calculated Cost Data of the 
1el Cell Power Plant 














Fixed Variable 
)&M Costs O&M Costs 
12.9 S/kw* 0.4 S/GJ* 
' electricity 


lance Costs 





> the expenses for the exchange of fuel 


time: 5 years) during the plant's 


or data entries were not specified 
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A common feature of the coupled production systems described 
above is that the heat recovered from the different proces- 
ses is at or above the temperature level needed for heating 
purposes. However, lower level heat can be made available 
by utilizing heat pump technology. Such a heat source is a 


sewage treatment plant, in which large quantities of sewage 


at a nearly constant temperature level (7 - 13 *C) are avail- 


able. 


The Danish project participant described a heat pump system 
driven with a 3 MW diesel which extracts heat from the 


sewage of a 20 000 inhabitants community (300 - 1200 m?/hr). 


To improve the system efficiency, the waste heat from the 
exhaust of the diesel engine, from oil and air cooler etc. 
also serves as heat source. Over a gearbox an electric 
generator is connected to the driving shaft of the engine in 
order to make possible cogeneration of electricity. Figure 
2.8 shows the complete process diagram of the diesel heat 
pump coupled production plant. The process heat generated 
by the system is used first to increase the incinerator 
capacity of the refuse treatment plant, and second to supply 
a district heating system (90 *C/50 ?C) as base load heating 
plant. The technical and economic key data of the system 


are summarized in table 2.24. 


TABLE 2.24 - Technical and Economic Key Data of the Diesel 





Heat Pump Coupled Production Plant 





First Commercial 
Service Year 
Energy Output 
Capacity Factor 
(Average Load) 
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Overall Efficiency 
08M Cost 
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1. Diesel engine B&W 16U28LS 
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Christensen, C.J., Riso, Roskilde, Denmark. 


Notes: 





(1) The unit indices in the summary table have the following 


meaning: 
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h heat 
total = electricity + heat 
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Figure 2.8: Process Diagram 








KFA/STE, Postbox 1913, D-5170 Júlich 


- 62 - 


(2) For the heavy fuel oil (diesel) fed to the diesel engine, 
an NCV of 40.68 GJ/t has been assumed. 


(3) Design Capacity 





Figure 2.9 shows the energy balance for the heat pump 


coupled production system. 


(4) Overall Efficiency (Average Load) 





The overall efficiency (average load) has been calculate 
as the ratio of the average annual output of heat + 
electricity divided by the respective input of heavy fue 
oil. Note that the energy content of the sewage (160 


TJ/yr) has not been rated for the efficiency calculation 


(5) Cost Data 





All cost data are related to the sum of electricity and 
heat capacity or output. 

Table 2.25 shows the costs assuming the energetic value o 
the electricity is rated twice the value of the heat. Fo 


explanation see section 2.5.3. 


TABLE 2.25 - Recalculated Cost Data of the 





Heat Pump Coupled Production 























Total Fixed Variable 
Capital Cost O&M Cost O&M Cost 
Unit S/kw* S/kw* S/GJ 
248 16 
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700 kW losses 8 - 16 °C) are compared in table 2.28 (Section 2.5.9) with the 


characteristics of the two conventional heating plants. Table 2.5.9 Conventional Heating Plants - Characterization Sumnary 
2.27 shows a direct comparison with the Danish coupled produc- 





| low | (6) TABLE 2.26 Uncertainty Ranges 


tenp. tion plant, described in the preceding section. The cost Two types of conventional heating plants have been described by 


as | i LA 
RER Medium | 10 $ Probability of Being figures of the coupled production system are based on heat the project participants. These are (country name in brackets): 








T oem 
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| Item Value Less Than Greater Than output only to facilitate comparison. 
7740 kW Lil/gas | (1) oil/Gas-Fired Heating Plant (Belgium) 














(lower heating value) | | | 
y | | Maximum Annual Availability 98 $ | | TABLE 2.27 - Technical and Economic Key Data of (2) Coal-Fired Heating Plant (Germany) 











Capacity Factor 95 Large Heat Pump Systems | With 100 $ flue gas desulfurization. 
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The characterization summary (Table 2.28) also contains data 























for the Swedish heat pump heating plant to allow a comparison 











with the conventional systems. 


























TABLE 2.28 - Technical and Economic Key Data of Heating Plants 
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the need to substitute large quantities of oil in private use. 
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district heating system are an ideal complement to coupled Heat Pump) 


Design Capacity 
First Commercial 


Service Year 

Maximum Annual 
Energy Output 
Maximum Annual 


heat (low T ) l > 
Heating plants serving as peaking or back-up plants in a large | Sweden 2 

2 

S 












































se | Capacity Factor 


se 
se 


production technology. Alternatively, they also allow district i | Unit 


! n g/kWh | S/kWn | $/GJn| Yrs 
5000 kW | Bvaporator heating in regions where large coupled production units are not | Zn TEE 


Sewage |: Sweden 
water " accessible as a heat source. | Heat Pump 1982 | 0.284 15 


System 


> 
s 
1 
43 
c 
-— 











y 
© 
Ww 
e 


Assessor of the Swedish Characterization 





Waste heat recovery from exhaust gas | 
Waste heat recovery from jacket cooler | Cheap fuel (urban wastes) or alternative heat sources (sewage) Belgium 26 
Heat pump condenser m | 0i1/Gas ð. . . 
Undercooling of liquid refrigerant | can then be used for heat generation, which has a positive Leman, G., Energy R&D Commission, Sweden. 


Mean temperature waste heat from engine impact on the efforts to save costly primary fuels (oil as, E 
Low temperature waste heat P y P y Zn | p a. i ; l 164.3 | 21.1 1.25 
Evaporator with heat from energy reservoir coal) in the residential and commercial end-use sector. One TEM Notes: 
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Compressors | example of such an alternative heat generation facility has 


been given in the preceding section, where a coupled production | (1) All energy quantities are based on NCV of fuel. 


i .9: Balance for Diesel Heat Pump Equipped with ; : à; 
Figure 2.9: Energy Balan P “PP system has been described which extracts its heat energy from a 





Power Generator Assessors 





sewage reservoir in a municipal sewage treatment plant. It (2) Uncertainty Ranges 





seems to be natural to use such a system first of all for heat 
Belgium:- Altdorfer, F., Services Programmation de la Politique 


generation (as described by the Swedish project participant). In the Swedish characterization uncertainty ranges were l n 
l i : Scientifique, Rue de la Science 8, B-1040 Brussels 
The results of the Swedish assessment of a large electric heat F4 specified for the capacity factors (80 - 88 $; i.e. base 


pump system extracting heat from sewage water (temperature load operation), the efficiency (28 - 3.6; median value: 
Germany:- Walbeck, M., Martinsen, D., KFA/STE, Postbox 1913, 


3.3.) and the economic lifetime (10 - 18 yrs; median value: 
5170 Jülich 


15 yrs). 
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As mentioned above, in the high temperature reactor the noble gas 


TABLE 3.3 - Total Operatina and Maintenance Cost of i i i | 
is ii ad se a ennalan Je T hemica nactive and 


Notes: 





(1) All energy quantities are based on NCV of fuels. 


(2) Operating and Maintenance Cost 





The operating and maintenance cost of the German hard 
coal heating plant seems too high. The explanation for 


that will be supplemented. 


(3) Uncertainty ranges for data entries were not given in the 


German and the Belgian characterization. 
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3.3.2 Characterization Summary of Advanced Converter Reactors 

























3. NUCLEAR POWER PLANTS 





3.1 Basics of Nuclear Power 





Nuclear power as an energy source can be utilized in two ways, 
nuclear fission and nuclear fusion. In the nuclear fission 
process heavy isotopes such as U235, Pu-239, Pu-241, Pu-233 
absorb neutrons and split into two dissimilar atoms. In this 
reaction, between one to five fast neutrons and a quantity of 
energy are released. The following equation illustrates the 


process for the fission of uranium 239. 


fissile material + neutron —» fission products + neutrons + energy 
U2 35 n —e Bal44 + Kr90 + 2n + 200 MeV 


11 





The energy (about 200 MeV% 3.08 x 10 Ws) predominantly appears 


in the form of the kinetic energy of the fission fragments which 








is then converted to heat energy. The neutrons released in the 


fission process can react with other atoms causing them to 























fission, and thus create a "chain reaction". 


The term "nuclear criticality" is used to describe a sustaininc 
chain reaction, i.e. a reaction which will continue until condi- 


tions are altered to make the reaction cease. 


In a nuclear reactor heat is generated by a controlled chain 
reaction. The reactor fuel normally consists of a mixture of 
fissile and so-called "breeding" material. The "breeding" materials 
(heavy nuclides such as thorium 232 or uranium 238) also absorb 
neutrons. They do not split but create short-lived intermediate 
nuclides, that "decay" to fissile material (sometimes called 
"secondary" fissile material). The following equation illustrates 


this process for the conversion of uranium 238 to plutonium 239. 


Breedin Intermediate „Intermediate Seccndary 

LE + Neutrons Nucli ce Nucli de Fissile 
_ " Material 
B B 

U2 38 n Y U239 —-)  Np239 —) Pu239 





TABLE 3.4 - Technical and Economic Key Data of Advanced Converter 
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the nuclear steam supply system replaces the conventional fuel 
boiler and the nuclear fuel core replaces the fossil fuel supply. 


In LWRs the heat energy is basically created by the fissioning 























Maintaining of a controlled chain reaction in a nuclear reactor 


depends upon 2 number of conditions. Some conditions, concerning 


the nuclear fuel, are mentioned below. of U-235 isotopes. At the same time uranium 238 is converted 


to the fissile isotope plutonium 239 (compare section 3.1). 


More than half of this plutonium also undergoes fission in the 








Firstly, the concentration of fissile material in the nuclear fuel 


has to be sufficiently high. This allows the neutrons released in LWR core, thus contributing significantly to the energy produced 


i | eid in the power plant. 
the fission process to create a sufficient number of subsequent P " 


nuclear fission processes to sustain a chain reaction. The required 









| TTE i | Natural uranium contains only 0.72 per cent fissile uranium-235 
concentration of fissile material essentially depends on the reactor 2 
and the U-235 concentration in the natural uranium has to be 


increased to 2-3 per cent before it becomes suitable as LWR fuel 









(so-called enrichment, see section 3.5). The fuel, in the form 
of the uranium oxide (UO,), is contained in long slender tubes 


bundled together to form fuel elements with spaces between the 










Secondly, the nuclear fuel must have a defined geometric arrangement 
in the reactor. In most of the reactor types now in use the nuclear 


fuel is contained in lonc slender tubes. which are gathered together 
tubes to allow coolant to flow past them. 





into fuel elements. (An exception to this configuration are vebble 


ball or block fuel elements of the high temperature reactors). 








Two different types of light water reactors have evolved; the 












boiling water reactor (BWR) and the pressurized water reactor 





Finally, the temperature in the nuclear fuel must be controlled in 


de 


(PWR). In a BWR water is pumped in a closed cycle from the 








such a way that chemical reactions do not occur in the fuel. The 
condenser to the nuclear reactor. In the reactor core heat 











heat released in the fission process has to be removed safely. 
generated by the fissioning uranium pellets is transferred 


through the metal cladding to the light water (H,O) flowin3 


around the fuel element assemblies. The water boils, and a mixture 














Thereíore nuclear fuel in general consists of the heat-resistant 
uranium, or plutonium oxides. The concept of slender fuel element 


bundles, with large surface area, aliows the heat to be transferred 
of steam and water flows out of the top of the core into steam 








ling fluid with a minimum temperature difference between 


| the fluid separators in the top of the pressure vessel. The separators clean 
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and "dry" the steam before it is pived to the turbine-generators. 


The turbine exhaust is condensed and returned to the reactor 








Light Water Reactors 





pressure vessel to complete the cycle (see figure 3.1). 





Because the energy supplied to the water from the hot fuel is 









transported directly (as steam) to the turbine, the BWR system is 








The light water reactor (LWR) cets its name from the fact that 
termed a "direct cycle" system. Tre pressure inside the reactor of 


a typical BWR is maintained at about 70 bar, with a steam tempera- 
ture of about 285°C. Neutron-absorbing control rods, operated by 


hydraulic drives located below the vessel, are used to control the 


ordinary water (term: light water) is used as the cooling fluid 










and as "moderator" (A moderator slows down the fast neutrons 





created in the fission process to an eneray level where they are 







more likely to be absorbed by U235, or the secondary fissile mate- 
rate of the fission chain reaction. 





l | | wt une | The primary difference between a pressurized water reactor (PWR) 
n principle a nuciear power plan is similar in nature to the " 
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Figure 3.1: Principle of the Boilinc Water Reactor (BWR) 





(Example of the Krümmel Type, Germany) 
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Boiling Water Reactor (Switzerland) Germany:- Múller, M., KFA/STE, Postbox 1913, D-5170 Júlich 


Base load power plant, equipped with evaporative cooling Japan:- Yasukawa, S., JAERI, Tokai-Mura, Naka-Gun, Ibaraki-Ken 
Switzerland:- Kypreos, S., EIR, CH-5303 Wúrenlingen 
U.S.A.:- Bhagat, N., NCAES, Brookhaven National Laboratory, 


up 7 ) | Upton, NY 11973 


is the first nuclear power plant in Switzerland, numerous 
licensing delays occured during the construction of the BWR 


and a number of plant modifications were made in order to 


Generator 


ctor (BWR) is that PWRs employ a dual 


sferring enercy from the reactor. In the 
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through the core and the heat exchanger. 





comply with changing safety regulations. The capital cost f: 
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nuclear power plants. 


e resultina steam passes through the turbine | 
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re in the pressure vessel, but pressure is 
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out of the reactor vessel into (usually) 


modi fications and construction delays by non-standardi zed 


licensing proceedings have on the economics of nuclear powe: 








TABLE 3.2 - Uncertainty Ranges 














TABLE 3.1 - Technical and Economic Key Data of Light Water Reactors 
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stream boils, providing steam for the tur- 





expectations for light water reactors under the assumption 
Total Capital Cost 1097 1755 1 standardized licensing proceedings so eliminating excessiv 
Fixed O&M Cost 65.4 97.8 | construction delays. The difference in the countries' estim 
Variable O&M Cost O. 529 0.863 | reflect the different safety standards for nuclear power pl 


so far as they are prescribed in the individual countries a 





from the turbine is then condensed to water 








o the steam generator to repeat the cycle. 
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chain reaction is controlled through the 





g rods. However, in PWRs additional control 
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dissolving neutron-absorbing chemicals as 
result of licensing proceedings. However, in most of the co 
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The overall efficiency for the nuclear power plants is defined as 
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In order to allow a direct comparison, table 3.3 summarizes 
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total O&M cost of the LWR power plants, expressed as cost p 











LWRs reach efficiencies around 33 per cent, as compared to 38 to 40 


(Switzerland) : | 
per cent for modern fossil-fuelled plants. The reason for this lower energy unit produced. The total O&M costs of the LWR power 
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expressed in cost per unit of energy produced, are summariz 












































(U.S.A.) . - * * + 
1 efficiency is that LWR plants operate at a maximum steam temperature 
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Table 3.3. The calculation of these cost has been made assu 





of around 315°C while fossil plants operate at 538°C or higher. 





the power plants operate at the capacity factor specified i 


155 |285 





eactor (Germany) 
summary table. 


(3) Total Capital Cost 





nt, equipped with a combined cooling 


Reactor 


natural draft cooling towers + direct 
Assessors The Swiss total capital cost figure gives the investments for the 








installation of the boiling water reactor in Leibstadt. As this 


Figure 3.2: Principle of the Pressurized Water Reactor (PWR) D Belgium:- Hecq, St., Voie du Roman Pays, 34, B-1348 Louvain-La- 





or (Japan) 


nt, equipped with a direct freshwater (Example of the Biblis Type, Germany) | Neuve 


- 79 - 


As mentioned above, in the high temperature reactor the noble gas 
Closed Fuel Cycle helium is used as a coolant. Helium is chemically inactive and 


has no effect on the neutron balance in the core. By careful 


TABLE 3.3 - Total Operating and Maintenance Cost of 








Light Water Reactors 





491,6°C — 


MR Medium Enriched, Recycling design, coolant outlet temperatures in the region of 700 to 1000°C a 24.09 bar 





ame iti | MO case : : 
Country Reactor Type Total O&M Cost ($/GJe) e. — apna a efiop — isi can be achieved. Consequently, steam can be generated in a secon- 
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elgium PWR 1.12 E 
" 3 : conventional steam power plants. Because of the good thermal | as 110.4 9c 150.5 "D 
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The Japanese estimate includes costs for administration, i U-Th-cycle with uranium (U-233 * U-235) recycling | cycle (see figure 3.3) or used directly in a gas turbine (see | 850% "n "d 
personnel, infrastructure, buildings, etc. (overheads) under | in U-Th-mixed oxide fuel elements | figure 3.4), E | 70 bar \\ 
of the O8M cost. 2 bar | oc | a O \ Y 
o f : Pre-Breeder-Near-Breeder System : 49 | 555 | a hy 
ates 3.3 Advanced Converter Reactors St E 
—1 | : U-Th-cycle with 93 $ enriched uranium, separate 59,5| 750 Reheater a 20.0°C __ 109.8% 
sa | | Ed | 22.74 bar \/ _]| 40.74 bar 
3.3.1 Gas-Cooled High Temperature Reactor | feed-breed-fuel elements. The major part of the Secondary i i 
untries | U-233 "bred" from thorium is charged to the loop F Into-stage P 
— The high temperature reactor (HTR) is a thermal reactor, moderated | NB reactor Bin tape Cooler 
Y by graphite and cooled by helium gas. The nuclear fuel of the | Pressure 
HTR generally consists of uranium with thorium as "breedinc" Breed elements and U-Th-nixed oxide fuel elements — 
material. The exact isotopic composition of the fuel, however, containing recycled U-233 y Figure 3.4: HTR-Helium Turbine Concept 
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In all concepts put forward to date, the HTR fuel is contained in 


particles of 1 mm in size and surrounded by a multi-layer carbon- 


cycle concepts ere summarized below, a distinction has been made 














between open and closed cycles. 
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against the release of fission products from the fuel. The small The heat generated in the VHTR core is used to heat the coolant to 
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more than 900 C and is at a considerable pressure (in the Japanese 
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y ( P 35) | elements. They can have the form of either fuel balls (German 235 |130 ke concept: 40 atm). Thus, it is suitable as a substitute for conven- 











with 8.5% enrichment concept) or fuel rods (American concept). In the German concept, ; | i tionally generated heat for high temperature industrial processes 
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the outer 5-10 mm of the 6 cm fuel balls are kept free of fuel in ! B for example, coal casification and liquefaction (compare also 


: Medium Enriched Open Cycle, * order to guarantee additional protection. In the American concept, à section 4.5) 
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Uranium-Thorium-Mixed Oxide Cycle | | the pressed fuel rods are contained in holes in large graphite 
The uranium is enriched to 19.8% | blocks (26 cm across with a height of 80 cm), which have additional 








| Feedwater Pump 
noles for the coolant. 


High Enriched Open Cycle, 
Uranium-Thorium-Mixed Oxide Cycle 


The uranium is enriched to 93% U-235 
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3.3.2 Characterization Summary of Advanced Converter Reactors 





In the following, technical and economic data for high tempe- 
rature reactors are summarized and corpared with the Japanese 
advanced thermal reactor (ATR) system and the British advanced 
gas cooled reactor (AGR). In detail the following systems have 


been described (country name in brackets): 
High Temperature Reactor (HTR) (Germany) 

Base load power plant. Pebble bed reactor. 

High temperature helium turbine concept for electricity 

HRM-fuel cycle. 


generation. Equipped with a dry coolina 


system. 
Very High Temperature Reactor (VHTR) (Japan) 

The system generates high temperature process heat (40 atm, 
930°C) 


8% in the equilibrium cores). 


LO-fuel cvcle (enrichment 6% in the initial core, 


Advanced Thermal Reactor (ATR) (Janan) 


Base load power plant. Heavy water moderated reactor 
(carandria tube type) with boiling light water coolant. 


Natural uranium - plutonium-fuel cycle. 


AGR (United Kingdom) 
Base load power plant. Advanced gas cooled reactor 


A high temperature, carbon dioxide cooled reactor with steam 


generators providing steam for a conventional steam cycle. 


High Temperature Gas Reactor (HTGR) Power Plant (U.S.A.) 
Base load power plant, equipped with natural draft evapora- 


tive cooling towers. HTR-steam cycle concept. 


(Information about the fuel cycle has not been provided) 


TABLE 3.4 - Technical and Economic Key Data of Advanced Converter 
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Unit MW - PJ + E $ S/KW | $/kW $/Gj yrs 

HTR (Germany) 1228 2000 29 75 75 41.4 2010 41.7 O.31 20 
VHTR (Japan) 1000 | 2005| 25.2 | so | 80 | 93 960 | 28.1 | 0.55| 16 
























































ATR (Japan) 600 | 1991 70 31 1466 | 79.9 16 
AGR (United Kingdom)| 1000 | 1985| 22.1 | ?C| 70 | 32 2645 | 21 0.28| 25 
HTGR (U.S.A.) 1000 | 1995| 18.9 | 60 | 75 | 34 1500 | 30.86 | 0.31] 30 











“This system generates process heat only 
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